The field of molecular dynamics studied by electronic currents has been continuously expanding in the last two decades. [1] [2] [3] [4] [5] [6] [7] [8] Major progress was achieved, when electron currents were taylored to detect reactions within a single molecule, prompting the search for single-molecule chemistry. [9] [10] [11] In this way, molecules could be studied to dissociate, 2 to assemble, 4, 5 to desorb 10, 11 in the extraordinary conditions of a perfectly known environment. All of these experiments were perfomed for molecular adsorbates under a scanning tunneling microscope tip. However, no electrical probe has been proposed to study single-molecule chemistry in gas phase or in solution.
Using the variations of electronic currents in nanowires is a very interesting possibility for reaching the single-molecule limit in gas or liquid chemical reactions. Due to the extreme reduction in the wire's dimensions, nanowires present enhanced reactivity. Thus, the very inert noble metal, gold, becomes chemically active in clusters [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and nanowires [22] [23] [24] [25] [26] [27] [28] [29] due to the presence of many dangling orbitals which form bonds with surrounding molecules. In particular, the possible dissociation of H 2 on gold nanowires has already been reported. 30, 31 In order to use the nanowire as a reactivity sensor, the electronic transport properties of the wire should change in presence of a chemical reaction while the reaction remains unaltered by the flowing electron current. Unfortunately, no evidence of the reactivity-sensing properties of atom-size nanowires has been revealed yet.
In this Letter, we concurrently evaluate the minimum-energy path (MEP) of a gas-phase H 2 molecule that impinges on a gold nanowire and the wire's electron current, using non-equilibrium Green's functions (NEGF) and density functional theory (DFT). These calculations show that for biases below the stability threshold of the wire, the H 2 molecular dynamics is not affected. However, the electronic current presents a dramatic drop when the molecule initiates its dissociation.
Hence, atom-size nanowires can be excellent probes for determining the onset of H 2 dissociation without perturbation from the measuring current.
Starting from an initial atomic configuration, the MEP is obtained by computing the total potential energy and its gradient as the H 2 molecule approaches the atomic wire. The initial configuration corresponds to H 2 far from a gold monoatomic wire and the final one corresponds to the chemisorbed species on the wire, forming the usual Au-H-Au-H-Au double-bridge bond. 31 The energy and corresponding gradients are evaluated using the TRANSIESTA code 32, 33 with the Perdew, Burke and Ernzerhof (PBE96) functional. 34 The whole system can be divided in three distinct regions breaking periodicity along the transport direction. The contact region is a central region composed of a 4-atom free-standing gold chain connected to two electrodes, left and right, each formed by the first 5 layers of a 3 × 3 cell of Au (111). The two electrodes were frozen, and kept at a distance of 13.3 Å. The inter-electrode distance affects the inter-atomic distance, which has been analyzed elsewhere. 28 The other two regions are the semi-infinite electrodes formed by periodically repeating 3 layers of bulk gold in the (111) direction. In this way, bias can be applied between the two asymptotic regions by shifting their Fermi levels, and by self-consistently solving the Poisson and DFT equations for the non-equilibrium density matrix in the central region. 33 Finally, the electron transmission through the central region is evaluated for all cases using standard non-equilibrium Green's functions. 33 Three different models of the wire, of decreasing complexity, have been built to better understand the processes under study, and in each case a MEP has been calculated. First, the model contact described above in which the 4 central gold and the two hydrogen atoms are optimized along the MEP (relaxed wire). In the second case, the 4 central gold atoms are kept frozen in a linear configuration, and only the geometry of the two hydrogen atoms are optimized (frozen wire).
Finally, we consider the case of a linear chain of 12 gold atoms (linear wire), repeated periodi- that the zero-point energy of H 2 is ≈ 0.25 eV, it should be easy to overpass. Once on the top of this barrier, the reaction path has been determined by following the gradient. In the case of the relaxed wire, there is a well for i=8, of roughly 0.25 eV below the asymptote given by i=1. Some characteristic geometries for the relaxed and frozen wires are illustrated in the lateral panels of 2 Figure 2: (Color online) Central panels: electronic transmission versus electronic energy at significant points along the H 2 MEP. The zero of energy is taken at the electrode's Fermi level. In the lateral panels, the geometries of the relaxed (left) and frozen (right) wires are shown. The geometries of the infinite linear gold wire are very similar to those of the frozen wire. Numbers in the geometrical schemes denote distances in Å. The spontaneous H 2 dissociation is initiated at stage i=5, where the transmission shows an important decrease at the Fermi level.
We can now evaluate the electron transmission between electrodes for each of the stages, i, of the MEP. When H 2 is far from the wire, i = 1 bottom panel of 2, the transmission at the Fermi level is equal to one for the three cases because each system presents one single conduction channel.
On the opposite side, for i=27 with the two hydrogen atoms chemisorbed in the wire forming the double-bridge bond, the transmission is reduced, being ≈ 0.75 in the linear model and ≈ 0.5 in the other two cases. At the minimum (i=8) and saddle (i=12) points the transmission is in between 0 To analyze this result, and based on the similarity of the three model systems considered here, we use the simplest linear model. We have calculated its eigenchannels, defined as the non-mixing transmission channels that diagonalize the transmission matrix with eigenvalues 0 ≤ T n ≤ 1, whose sum provides the total transmission of the system. [35] [36] [37] For all the geometries, there is only one conduction eigenchannel contributing to the transmission at the Fermi energy, as expected for gold atomic chains. The square of the modulus of these eigenchannels provide a visualization of the electron flux though the wire, and it is plotted in 3.
Clearly, when H 2 is far from the wire (i=1) the conduction channel is located in the wire, 3 bottom left. When H 2 sticks to the wire, part of the electron flux passes through it, either as molecular hydrogen (i = 8) or as atomic hydrogen chemisorbed on the wire (i =27). At i=5, however, the amplitude density of the eigenchannel becomes zero at the right edge, indicating that the electron flux is stopped. This reveals an interference effect.
This interference behavior can be rationalized in terms of a 4-state tight-binding model composed by 2 gold and 2 hydrogen atoms described by one orbital, where the possible electronic paths along the wire and the molecule are jointly solved. The model is defined by the energies E Au =0 and E H , and by three hopping terms T , t a = t b and t (see 4). The coupling to the rest of the system is characterized by the self-energies Σ a = Σ b associated with the a or b leads; then the wire's transmission, T (E), is given by 38
where G ab (E) is the ab-component of the Green-function associated with the four-atom model guarantee that T (E = 0) becomes 1, for t a = t b = 0, the case of an ideal Au-chain, as in the point i=1. As H 2 approaches the wire, t a grows and the electron can also be transmitted through the Au-H bond with two concurrent electron paths competing, one going through the H-atoms and the other one through the Au-atoms. There is a critical situation, when t 2 a = T t, in which the two conducting paths interfere destructively bringing the transmission to zero (see 4). [39] [40] [41] This interference is the analogue to the one manifested as a Fano profile in photoionization, 42 when the absorption cross section presents a minimum at energies in which the direct photon excitation to a dissociative continuum (electron conduction through the gold atoms) interferes with the indirect mechanism, in which a quasi-bound state is first reached by the photon (electron localization on H atoms), and then predissociates towards the same dissociative continuum.
These conditions for the interference are imposed by the atomic geometry found in the MEP.
The connection between geometry and quantum interference in molecular conduction has already 
been proven experimentally. 43 In the present case, the H 2 -wire interactions are strong enough to steer the molecule to become parallel to the wire before dissociation. In this geometry (point i = 5 of the MEP), the electronic conditions needed for the above interference are met.
When studying the frozen and the relaxed nano-wires, periodic conditions on (x, y) are considered in order to build the electrodes, this permits us to define parallel k-vectors.
there is a similar pattern to the one discussed above for the linear case, but the position of the resonance varies with (k x , k y ). Thus, when averaging to get the total transmission, the zero at i=5
is washed out but the transmission dumps to 0.05 at the Fermi level, considerably lower than for the rest of the MEP points, 2. This indicates that the sudden decrease of the transmission persists in realistic gold wires when a molecule like H 2 approaches it.
Finite bias changes the above picture only quantitatively. The electronic transmission has been investigated at 0.5 V, 1 V and 2 V. This has been done at the configurations of the MEP calculated for zero voltage. At finite bias, the MEP is ill-defined due to the appearance of non-conservative forces. [44] [45] [46] However, if the bias-induced changes in the forces are small enough, we expect the zero-voltage MEP to be an excellent approximation to the molecular path at low temperatures.
Indeed, this is the case. In order to show this, we studied the minima, points i=8 and 27 of 1.
These points correspond to equilibrium geometries and are then very sensitive to variations of the forces. The bias-induced forces were negligible and the equilibrium geometries analyzed were the same as for zero bias.
For 2 V, the wire is reaching its stability limit and it is expected to break. 47 In this case, the system undergoes important changes diverging from the zero-voltage MEP. For i=8 the two hydrogen atoms trend to insert themselves in the gold wire, producing a separation of the two closest gold atoms. For i=27, one hydrogen atom moves to the other side of the wire, towards a trans configuration. Hence, the electron-transmissions evaluated for the zero-voltage MEP, while correct at 1 V, are just of academic interest at 2 V.
5 shows the wire's currents evaluated from the electron transmissions for 1 and 2 V. As voltage increases, the current increases as well. For all the considered wire models, there is a pronounced decrease of the current intensity for i=5. Again, we retrieve that the decrease is due to the quantuminterference effect at the initial stage of dissociation. These results show that even at biases larger than 1 V, within the stability limit of the wire, the dissociation of the H 2 molecule will cause a measurable decrease in the electron current through the gold wire.
In summary, non-equilibrium Green's functions (NEGF) calculations based on density functional theory (DFT) are used to evaluate the minimal energy path (MEP) that an H 2 molecule follows near an atomic-sized gold wire. The molecule dissociates on the wire and the electronic current decrease in the initial stages of H 2 dissociation on a gold atomic wire. This current drop is due to quantum interference between electron paths when the molecule starts interacting with the gold wire. Moreover, no significant dependence of the MEP on applied biases below the wire's stability limit has been found. This suggests that the conductance properties of gold wires can be recorded to acquire information on chemical reactions taken place in the single-molecule limit in a gas or liquid environment. 
